C without capacity loss at various high C rates. This is ascribed to the minimized cation disorder, a higher conductivity, and higher lithium ion diffusion coefficient (D Li ) observed in this material. In the differential scanning calorimetry DSC profile of the charged sample, the generation of heat by exothermic reaction was decreased by calcined at high temperature, and this decrease is especially at 850 o C. This behavior implies that the high temperature calcinations of LiNi 0.8 Co 0.15 Al 0.05 O 2 prevent phase transitions with the release of oxygen.
Introduction
Li-ion batteries, with high energy density and power capability, have become an important power source for portable electronic device, such as cellular phones, computers and, more recently, hybrid electric vehicle (HEV) and, electric vehicle (EV). 1 Most commercialized Li-ion batteries use LiCoO 2 as a cathode material due to its ease of production, stable electrochemical cycling, and acceptable specific capacity. 2, 3 The relatively high cost of cobalt and the lure of large capacity have, however, lead to the study of other possible alternatives. In this aspect, LiNiO 2 has been proposed as an alternative cathode material for LiCoO 2 due to its structural similarity, higher capacity and low cost. However, there are some difficulties in using LiNiO 2 as cathode material due to the following facts: (i) difficulty involved in the synthesis of stoichiometry LiNiO 2 , (ii) safety problems associated with the instability of delithiated form of LiNiO 2 (oxygen evolution occurs at elevated temperatures) and (iii) poor cyclic performance due to its structural instability upon electrochemical studies. 4 Some groups investigated the effect of other metal ion substitution on LiNi 1-x M x O 2 (M=Mn, Co, Mg, Fe, Al or combination of two metal ions) in order to improve the electrochemical properties. [6] [7] [8] [9] Among metal ions doping, Co substitution showed a promising candidate for lithium ion batteries. This is due to the significant improvement in the thermal stability of delithiated phase of LiNiO 2 , thereby reducing the safety problems associated with it. 10 A small amount of doping of cost effective metal ion like Al 3+ has profound effect on the structure and electrochemical behavior of LiNi 1-y Co y O 2 .
Based on the investigation of Ohzuku et al., 11 it is understood that the Al 3+ doping retains Ni in 3+ state and enhances the stabilization of layered structure. In addition, the doping of Al 3+ for Ni prevents the cell from over charging and hence improves the cell safety.
LiNi 0.8 Co 0.15 Al 0.05 O 2 is one of the most promising materials for automobile-use due to the high capacity and electrochemical property. 12, 13 In spite of the improved electrochemical performance of LiNi 0. 8 In this work, the co-precipitation method is used for preparing LiNi 0.8 Co 0.15 Al 0.05 O 2 cathode materials. The structure and electrochemical properties of the powder were investigated using X-ray diffraction (XRD), scanning electron microscopy (SEM), cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS), and charge-discharge tests. From these analyses, we investigated the relation between the structural stability and electrochemical property of LiNi 0. 8 
Experimental
In the present study, we adapted the co-precipitation method to the synthesis of LiNi 0. 8 Figure 1 shows the microscopic images and SEM images of the Ni 0.85 Co 0.15 (OH) 2 precursor. Co-precipitation of Ni 0.85 -Co 0.15 (OH) 2 was carried out continuously in a CSTR reactor and the morphology change of the products was monitored regularly by an optical microscope. At the beginning of the reaction, mainly fine particles were formed and then combine with each other to form irregular-shaped and micronsized agglomerates. The particles grew gradually into a uniform spherical morphology without further agglomeration. After 32 h of precipitation, a steady state was reached, in which the particle size ranges from 5 to 8 m. Finally, the particles obtained after 40 h of precipitation had a spherical shape. It was obvious that Ni 0.85 Co 0.15 (OH) 2 powders had Table 1 were calculated using XRD analysis software (TOPAS 4.1). All peaks corresponded to a layered -NaFeO 2 structure of space group R3m. The I (003) /I (104) ratio has been used as an indicator of cation mixing, 17 that is, values lower than 1.3 indicate a high degree of cation mixing, due to occupancy by other ions in the lithium interslab region 18 and the reversible capacity of the cathode material tends to decrease when the ratio is less than 1.2. [19] [20] [21] In this work, the calcined at 750 o C sample shows the highest ratio I(003)/I(104) of 1.65, indicating that this sample has the lowest amount of cation mixing, meaning a very small concentration of Ni 2+ ions in the Li (3b) interlayer sites. However, as the calcination temperature increases to 850 o C, the ratio of I(003)/I(104) decreases dramatically, indicating that this sample has a high cation mixing. According to Reimers et al., 22 the R-factor, defined as the ratio of the sum of the intensities of the hexagonal characteristic doublet peaks (0 0 6) and (0 1 2) to that of (1 0 1) peak can be utilized to estimate hexagonal ordering [(I(0 0 6) + I(0 1 2))/I(1 0 1)], and the lower the R-factor, the better the hexagonal ordering. In this study, the R-factors were 0.44, 0.44 and 0.43 for the LiNi 0. 8 . There was a distinct difference in the peak width and the peak positions among the graphs. It is widely believed that the peaks in CV of the cathode material are closely related with the phase transitions occurring with the lithium intercalation; monoclinic (M) to rhombohedral (R2) phase around 4.0 V, and again to another rhombohedral (R3) phase near 4.2 V. 24 The second and third oxidation peaks in the CV diminished in intensity with increasing heat temperature, which was attributed to lowest cation mixing of the 750 o C prepared sample easing the phase transition. The major reduction peak locating at 3.7 V of the 750 o C calcined sample was slightly higher than that of sample calcined at 800 and 850 o C in the CV results. Possibly, this behavior implies that calcination at 750 o C, which has the lowest cation mixing, , respectively. The discharge capacity of the sample sintered at 850 o C is lower than others. One of the possible reasons for this phenomenon is due to the evaporation of Li. So, the elemental analyses of the as-prepared samples were performed using AES-ICP analysis. As indicated in Table 2 , components Li, Ni, Co and Al were detected for all samples. The amounts of Ni, Co and Al were little difference for all samples. It was the difference in the relative content, while the amount of Li was apparently different. The deduced formulas for all the samples were also listed in term of the measured results of atom ratio of AES-ICP.
Another characteristic that was found that was a distinct plateau in the charge/discharge curves. The plateau correspond to structural changes in the charge/discharge process, a phase transitions between a monoclinic phase and a hexagonal phase and a transitions between a hexagonal phase and another hexagonal phase, which is characteristic of Ni-rich materials.
25
Cycle Performance: Figure 6 shows the cycling performance of the LiNi 0. at 0.1 (a) and 1 C (b), showing highest capacity retention of 100 and 98%, respectively. These results can be attributed to the enhanced structural stability and minimized cation mixing reflected by the highest I (003) /I (104) value shown in Table 1 . We believe that the decay of the capacity retention is due to not only surface structural degradation but also electrolyte decomposition at 55 o C. Differential Capacity Versus Cell Voltage: The differential capacity versus cell voltage diagram describes the 'capacity density', dQ/dV, at a specific voltage during galvanostatic charge/discharge process. In other words, it simply contributes to the total measured capacity. The difference between two diagrams is that CV describes the quasi-equilibrium state of a cathode material with respect to the varying voltage, whereas the differential capacity versus voltage diagram provides a more realistic explanation for the actual state of the cathode material under the galvanostatic cycling. Because the two diagrams share a similarity in their meaning, they show a similar pattern for the same materials. Therefore, the differential capacity versus voltage diagram can be a useful analyzing tool for the galvanostatically cycled cathode material instead of CV.
The differential diagrams for the LiNi 0. On the other hand, the integrated intensity of the second oxidation peak was centered at 3.676 V that value is slight lower than that of CV measure (3.79 V). In addition, the integrated intensity of the oxidation peak calcined at 850 o C showed a smooth phase transition, which was attributed to large cation disorder that prevented uniform structural change by cycling. This result leads us to believe that retarded and non-uniform phase transition calcined at 800 and 850 o C may be a plausible reason to explain the poor cycle performance.
Electrochemical Impedance Spectroscopic (EIS) Studies: Figure 9 shows the impedance spectra of the LiNi 0.8 Co 0.15 -Al 0.05 O 2 calcined at 750, 800 and 850 o C before cycling at a rate of 0.1C at the 4.4 V charged states. Each of the impedance spectra includes three parts. The semicircle at the high frequencies reflects the resistance for Li + migration through the surface film (R SEI ) and film capacitance (C SEI ). The semicircle at medium to lower frequencies presents the charge-transfer resistance (R CT ) and interfacial capacitance between the electrolyte and electrodes (C CT ). The sloping line at low frequencies reflects Li + diffusion in the solid-state 
electrode (Z W ).
Simplified equivalent circuits models (the inset of Figure  9 ) are constructed to analyze the impedance spectra. In the models, R 1 is the bulk resistance, which reflects the combined resistance of the electrolyte, separator, and electrodes in the cell. According to the studies by Chen et al. 26 on the EIS of lithium ion cells, cell impedance is mainly attributed to cathode impedance, especially charge-transfer resistance.
As shown in Table 3 , the R SEI and R CT values of the sample calcined at 750 o C were much smaller than those of the samples calcined at 800 and 850 o C. Increased surface film and charge-transfer resistances are indicative of the formation of a larger fraction of the non-conducting interfacial films as a result of side reactions with electrolytes.
The low frequency region of the straight line is attributed to the diffusion of the lithium ions into the bulk of the electrode material, the so-called Warburg diffusion.
In fact, EIS may be considered as one of the most sensitive tools for the study of differences in the electrode behaviour due to surface modification. The plot of the Z re vs. the reciprocal square root of the lower angular frequencies is illustrated in Figure 10 . The straight lines are attributed to the diffusion of the lithium ions into the bulk of the electrode materials, the so-called Warburg diffusion. This relation is governed by Eq. (1). It is observed that the Warburg impedance coefficient () is 65.527  cm 2 s 0.5 for sample (a), and this is the lowest value in comparison with those of the other samples. Also, the diffusion coefficient values of the lithium ions in the bulk electrode materials are calculated using Eq. (2). The equation for the calculation of D Li values by EIS can be expressed as: 27, 28 Z re = R ct + R s +  0.5
(1)
Where T is the absolute temperature, R the gas constant, n the number of electrons per molecule during oxidization, A the surface area (1 cm 2 ), F the Faraday's constant, C Li the concentration of lithium ion,  the angular frequency, and  the Warburg factor which has relationship with Z re . The Z re   1/2 plots are presented in Figure 10 . A linear characteristic could be seen for both curves. According to Eqs. (1) and (2) ) for cell (a) explains the higher mobility for Li + ion diffusion in this cell rather than the other cells. Therefore, the charge-transfer reaction is stronger in the electrode (750 o C) than in the other electrodes. The cycling characteristics are also affected by particles properties such as particle morphology and electronic/ionic conductivity.
Rate Capability Studies (C-rate): Rate capability is one of the most important electrochemical characteristics of lithium secondary battery required for EVs and renewable energy storage application. Figure 11 shows the discharge capacities of the the LiNi 0. ) before each discharge and were then discharged at a C-rate ranging from 0.1C to 5C. As observed in Figure 11 , two materials calcined at 750 and 800 o C showed similar electrochemical performance at low C rate. However, with increasing C rate, LiNi 0. 8 
